Abstract: The geomatics engineering contributions to continuous three-dimensional monitoring of ice sheet in a dam reservoir is presented in this paper. A total station robot was used to monitor the displacement of several probes placed on the surface of the ice sheet of a dam reservoir during winter seasons. Two prisms were mounted on each probe to take into account the deflection variation of the probe during a complete winter season. A similarity (Helmert) transformation was computed from measurements on control points to solve the problem of inconsistent observations. The results of the 2009 and 2010 winter campaigns at the Beaumont Dam are reported in this paper. We show that the horizontal displacements of the ice sheet, which can be as large as 20-30 cm, can vary quite differently from one winter season to another one, as a function of the temperature and its variation during winter. The horizontal displacements also depend on the probe's distance from the dam or from the reservoir banks. Vertical displacements of the ice sheet follow the reservoir water level fluctuations, especially for the probes far from the dam and reservoir banks. Three-dimensional displacements are explained by the gradual increase of the ice sheet's thickness, the snowpack accumulation, and the local constraints (hinge effects) near the reservoir perimeter.
Introduction
The work presented in this paper is part of a large research project whose objective is to improve the understanding of ice forces on dams to protect the public against potential dam failure. Our findings will help to harmonize the different standards that are used to manage hydroelectric power production, repair existing dams, and design new structures. The results of this study can generate considerable economic savings related to minimizing production losses, optimizing dam reinforcement works, and reducing manufacturing costs for new constructions. This paper describes the methodology developed using a total station robot to measure the displacement of several poles placed on the ice sheet of a reservoir dam. The results of the field tests performed during the 2009 and 2010 winter seasons are presented and analyzed.
Instruments used to directly measure the ice forces on dams include various types of pressure and temperature gauges placed on the ice sheet of the reservoir and against the dam face. The combination of ice sheet deformation monitoring and measured pressures provided validation data for the finite element modeling the ice behavior and the resulting forces on hydraulic structures. In this paper, only the observations of the global movement of the ice sheet in the dam reservoir are presented.
Materials and Methods
Two field campaigns were carried out during the 2009 and 2010 winter seasons. The campaigns were conducted at the Beaumont hydroelectric dam owned and operated by Hydro-Québec. This power plant has six turbines that generate up to 270 MW of power. This is a gravity dam constructed in 1958. It is 489 m long by 52 m high with a reservoir area of 500 ha and a reservoir capacity of 2;000;000 m 3 . The Beaumont Dam is located 14 km north of La Tuque (Québec, Canada) on the Saint-Maurice River near latitude 47°33′25″N and longitude 072°50′08″W. The distance between La Tuque and Québec City (Laval University) is approximately 250 km by road (or 3 hours' drive).
Total station robots are becoming an important component for measuring the displacement of moving targets (SzostakChrzanowski et al. 2007; Stiros and Psimoulis 2010; Thuro et al. 2010) . We selected a Leica TPS1201+ total station robot (here-after called "robot") used along with the GeoMoS software running on a laptop computer. The robot, operated with selected Leica GPR112 and Leica GPR121 prisms, can achieve a nominal horizontal and vertical angle accuracy of 1 arc second and a distance accuracy of 1 mm þ 1:5 ppm (Leica 2007) . The robot, the software, and the prisms are manufactured by Leica Geosystems AG, Switzerland.
Our robot was installed on a steel pillar anchored with three bolted screws in the concrete on the crest of the Beaumont Dam. The robot was located near the first turbine, 75 m from the right reservoir bank and 1.4 m upstream from the dam (Fig. 1) . The stability of the dam itself has been measured by an inverted pendulum located 35 m from the robot (labeled "Pend" in Fig. 1 ). The pendulum was designed by Hydro-Québec, Canada.
To protect the robot from the effects of snow and extreme cold weather below the nominal robot operating temperatures of À20°C, we designed a Plexiglas cylinder, with a piece of Styrofoam on top and an electric blanket near its base. The Plexiglas cylinder had a window toward the direction of the dam reservoir where the prisms were located to avoid Plexiglas effects (refraction, reflection) on angle and distance measurements (Fig. 2) .
Probes constructed with two prisms are well suited for the continuous monitoring of an ice sheet because the probe can have a vertical deflection, forming an angle between the line normal to the probe and the line normal to the plumb, which might vary during a complete winter campaign. A probe (Fig. 3) consists of two prisms located along a pole. The two prisms and the probe tip being collinear, three-dimensional (3D) coordinates of a point in physical contact with the probe tip can be inferred by making vertical and horizontal angle and distance observations on each prism with a robot. Indeed, special care was taken to make sure that the two prism centers and the pole tip were collinear for each of the probes used in the field. In these campaigns, each probe consisted of two aluminum pole sections with a length of 1.005 m between the two prisms and a total length of 2.6 m between the upper prism and the probe tip. Such a probe serves to reach points on which it is impossible to preserve the verticality of a prism pole or to have a line of sight between the robot and a vertical prism pole (Bourgon et al. 2004) .
For the 2009 winter campaign, we installed two reference prisms (Ref0 and Ref46) on the reservoir banks to serve as control points and 86 prisms were mounted on 43 probes (Fig. 4) . The tip of each probe was frozen into the ice sheet at a preset depth of 30 cm by drilling holes 2 cm in diameter. The probes were fixed as vertical as possible. Even if the probes are not perfectly vertical, this does not influence the quality of the analysis because it is the position on the ice sheet that is tracked. Eight probes were placed Because there are no permanent geodetic pillars near the Beaumont Dam, which could have been used to setup the reference prisms, we decided to secure them on truncated mature tree trunks at a height between 1.0 and 2.5 m above the ground. We could not ascertain the stability of them from season to season due to frost and defrost of the ground, but they can be assumed stable during the two months of the winter season campaigns. To validate this assumption, it is then important to have a redundant number of reference prisms to detect their instability, if any. Fig. 1 shows the overall plan view of the entire project site at Beaumont Dam and its reservoir, including the position of the reference prisms for the 2009 winter campaign (Ref0 and Ref46) and for the 2010 winter campaign (Ref1, Ref2, and Ref3). The labels "Robot" and "Pend" identify the locations of the robot and the inverted pendulum, respectively. (Fig. 3) . Cables are only attached to other instrumentation measuring temperatures and pressures on the ice sheet.
Leica GeoMoS software was used to program continuous and automated robot measurements. A set of observations was automatically taken every hour by the robot on the reference prisms and the two prisms of all probes located on the ice sheet of the dam reservoir (Fig. 3 ). Horizontal and vertical angle and distance observations were made once in direct position and a second time in reverse position of the robot (face I and face II), to properly correct for the collimation, trunnion axis, compensator index, and vertical circle index errors. The observations were also corrected for: prism constant, atmospheric correction to the slope distance, correction for mean refraction coefficient, and earth curvature to horizontal distance and height difference, using equations and constants provided by the manufacturer (Leica 2007) .
The National Climate Archives Online website (Environment Canada 2012) provided the meteorological data needed for the atmospheric corrections of the 2009 campaign. We selected the closest city, La Tuque, to collect meteorological data. The data rate available at this station was 60 min. For the 2010 campaign, the humidity and air temperature were measured by a HMP45C probe manufactured by Vaisala, Finland, and the barometric pressure was measured using an aneroid barometer connected to a linear variable differential transformer. Data from all instruments were recorded at 15-min intervals by a CR10X datalogger manufactured by Campbell Scientific, Inc., USA. Misidentification of prisms by the robot's automatic prism tracking were caused by the high spatial density of prisms on the ice sheet, and the deflection of the probes, especially during the 2010 winter campaign. To protect against prism misidentification, data from the robot measurements were screened for coordinate values differing by greater than 1 cm from the calculated coordinate values from the previous and subsequent measurements, and deleted.
As presented in the next section, the conventional observations required additional corrections before proceeding with the calculations of the coordinates of the probes' prisms located on the ice sheet. For this we chose to perform a seven-parameter similarity (Helmert) transformation that has proven to work well (see Fig. 6 ).
Seven-parameter transformations are typically used in surveying and geodesy to transform 3D coordinates of points from one coordinate system to another. The complete mathematical models and examples are presented in Wolf and Ghilani (1997) . It consists of three translations, three rotations, and one scale factor. The translations relate to the origins of the two coordinate systems; the complete rotation is the product of three consecutive orthogonal rotations and aligns the reference axes of the two systems; and the scale factor makes equal the dimensions of the two coordinate systems. To determine the seven unknown parameters, seven observation equations must be written. This requires a minimum of three control points: two with known 3D coordinates and a third one with known vertical coordinates in both systems (Wolf and Ghilani 1997) . If more than the minimum number of control points are available, the transformation parameters can be estimated by a least squares adjustment. The seven parameters were computed from nine and twelve observation equations for 2009 and 2010 data, respectively. We used the reference prisms and the robot pillar as control points. Each control point contributes three observation equations.
It is worth noting that the coordinates are calculated in the dam reference frame (cartesian coordinate frame centered at the robot position). The horizontal plan of the reference frame is illustrated in Fig. 1 : the positive X-axis is along the face of the dam toward the left bank and the positive Y-axis is toward the river upstream, perpendicular to the X-axis. It is a right-hand frame, so the Z-axis is perpendicular to the horizontal plan in the upward direction. The azimuth of the X-axis is approximately 43°.
Once the coordinates of the two prisms on each probe are adjusted, the coordinates of the probe tips can be extrapolated by knowing the distance between the two prisms and the distance between the lower prism and the probe's tip (or any other point of interest along the probe). The complete set of equations is presented in Bourgon et al. (2004) . The 3D coordinates of the probe tips became the starting point to monitor the displacement of the ice sheet of the dam reservoir.
Results and Discussion
The campaign information is summarized in Table 1 . Unintentionally, both campaigns started on the same day of the year (Doy), when the ice thickness was solid enough to securely walk upon (to support a person's weight) and when logistics permitted. The 2009 and 2010 campaigns ended when the above conditions were no longer true. Fig. 7 shows the air temperatures observed during both winter campaigns and Table 1 presents the campaign temperature statistics. This shows that the air temperature often fell below the minimal operating temperatures of the robot (À20°C). In those cases, the robot has worked because of the use of an electric blanket inside the Plexiglas cylinder. It is worth noting that the unusually large temperature increase beginning on Doy 25 (end of January) in 2010.
Figs. 8 and 9 present the robot observation variations on the reference prisms for both winter campaigns. An observation refers to the average value for direct and reverse positions of the robot and with the corrections (mentioned in the previous section, except for similarity transformation) applied. The gaps in the data series, more frequent during the 2010 winter campaign, are due to the interruption of the robot because of the following reasons: (1) the malfunction of the electrical blanket, which stopped heating the robot; and (2) the improper cold temperature isolation of the connection device of the communication cable that links the robot, protected by its Plexiglas cylinder, and the portable computer located inside a protective box. Visits to the survey site occurred no more than once with several lapses of two weeks, which explains the long time gaps before each problem was fixed. In 2010, the robot had to be reinitialized three times (with three backsight reinitializations) which caused three shifts on the robot's horizontal circle (see Fig. 9 ). The number of solutions available for prism coordinate calculation for both campaigns is included in Table 1 .
Even though these measurements were properly corrected, it was at first discouraging that one could see such large variations (on reference prisms) than expected, considering the robot specifications. Indeed, variations in the angle and distance observations reached as high as 50 arc seconds and 50 mm, respectively. Fig. 6 (gray dots) shows the consequences of the robot observation Clearly, horizontal angle and distance variations have an effect on horizontal (X, Y) coordinates while vertical angle and distance variations affect the Z-coordinate. This phenomenon was found to be true in measuring all of the reference prisms, even though measurements on reference prisms close to the robot (Fig. 1) yielded smaller coordinate variations. The robot observation accuracy is always proportional to the range because of the characteristics of the electronic distance measurements (Leica 2007) .
These large observation variations (and the coordinate variations of the reference prisms) do not necessarily mean that the robot did not measure correctly. The robot specifications refer to favorable atmospheric conditions (Leica 2007 ) and these inconsistent observations might be explained (but further analyses are ongoing) by the following facts: direct sunlight on the robot, the temperature gradient inside the Plexiglas cylinder, inhomogeneous heating by the electrical blanket causing the tilt of the robot, and snowflakes and fog causing laser attenuation and prism center recognition during these harsh operating conditions. We decided to perform a seven-parameter transformation using the reference prisms and the robot pillar as control points. The black dots in Fig. 6 show the coordinate variations of the control points after applying the seven-parameter transformation.
The stability of the supporting pillar, anchored in the concrete of the dam, cannot be identified as a source of these phenomena since the stability of the dam itself has been measured by an inverted pendulum. During the winter campaigns, the X, Y, and Z readings of the inverted pendulum (84-m long invar wire) did not change by more than 2 mm (IREQ staff, personal communication, 2010; see Acknowledgments) . Any suspect instability of a reference prism would have been detected by large estimated least squares observation residuals after the seven-parameter transformation.
The seven-parameter transformation performed on the data sets provides excellent results. As can be seen in Table 2 , the root sum square (RSS) values of the coordinate variations are less than 5 mm for 2009 control points and slightly better and less than 4 mm for the 2010 control points, thanks to the additional reference prism available during this second campaign. The RSS value is calculated as the square root of the sum of the square of the coordinate differences for all the observations. The Z-coordinate RSS values for 2009 data are impressively small, after the transformation. This can be explained by the fact that two rotations (around horizontal axes) can absorb all the vertical errors associated to two reference prisms.
Considering the RSS values associated with the coordinates of the control points after seven-parameter transformations (Table 2) , one can expect that the coordinates of the probes' prisms will have similar precisions (but certainly not worse) since most of the prisms are located in the area enclosed by the reference prisms and the robot. Once again, it is worth noting that the overall goal of this research is to combine ice sheet deformation monitoring with measured pressures on the dam to provide validation data for the finite element modeling the ice behavior and the resulting forces on hydraulic structures. Our goal is not to measure with the total station observations the dam deformation itself, which is already monitored with the inverted pendulum. The movement of the ice sheet can be as large as 20-30 cm, so we are not looking for millimeter accuracy as it would have been required to monitor the dam deformation.
The horizontal displacement of the probe tips during the 2009 winter campaign is presented in Fig. 5 . It is worth noting that the displacement scale is not the same as the coordinate scale (as indicated by the graphical scale illustrated in Fig. 5 ). The black dots closest to the probe numbers show the location of each probes' tips at the beginning of the 2009 winter campaign. An enlargement view of the displacement of the probes near the dam face [black box in Fig. 5(a) ] is illustrated in Fig. 5(b) . It can be seen that the global movement of the ice sheet was generally toward the middle of the reservoir and hence maximum at the reservoir edges: a total of 18 cm away from the dam face over the 2009 winter campaign and 8 cm away from the reservoir banks. Global movement of the ice sheet in this study agrees with similar results obtained by Stander (2006) at another dam (La Gabelle) on the same river, which indicate a movement toward the middle of the reservoir. These movements are explained by fissures located at the reservoir perimeter that open and close as the reservoir level varies by about AE10 cm around a mean value. As the fissures open up, water gets in the cracks and freezes; as the cracks close up, the ice sheet is forced away from the perimeter. This occurs on a bidaily basis as the level is lowered and raised as a function of daily variations in hydroelectric demand. The movement is greatest near the boundaries because that is where the movements are initiated. They decrease as one nears the center of the ice sheet as the ice absorbs the pressure through plastic deformation. The purpose of tracking the ice movement is to understand the ice forcing process to determine the spatial variability of forces in the ice sheet and, ultimately, on the dam. Much of the theory related to ice force generation mechanisms has been based on linear-elastic analysis, but it is well known that the viscoplastic behavior of ice may be very significant in explaining observed forces and in helping produce good design values. For these "static" forces, the in-ice stresses are proportional to the rate of deformation of the ice sheet (Morse et al. 2009 ). These can be calculated based on the speed of relative motion of one probe's tip to the next. Fig. 5 shows that the greatest displacements and the greatest speed of displacement are normally greatest near the reservoir boundaries (including the dam face) and hence ice forces are greatest there. As previously mentioned, during the 2010 winter campaign, many problems occurred at the robot site and the campaign was broken up into four periods for analysis. Fig. 10 presents the horizontal displacement of the probe tips for each period. Although not as evident as in 2009, the movement of the ice parallel to the dam face is greatest near the shore and diminishes as a function of distance from the shore. This can be seen best during Doy 21-26 (the diminished gradient in the movement is less evident in 2010 because the prisms are not as spread out as in 2009). Also similar in 2010 and 2009 is that the movement perpendicular to the dam is greatest near the dam face and diminishes as a function of distance from the dam face. However, what is very unique and surprising is that the prisms move toward the dam rather than away from the dam. The movement is greatest during Doy 21-26, somewhat less from Doy 34-40, less still during Doy 46-51, and virtually nil during Doy 55-61. The movement is about 8 cm, 5 cm, 2 cm, and 0 cm, respectively. Note that large movements of some probes (12, 21, 25, 32, 33, 42, 43, 45, 46, 52, 53 , and 58) during Doy 55-61 are the result of the probes melting in the ice and partially falling over and they do not represent the movement of the ice sheet.
The possible explanation for a direction of movement contrary to all previous observations is as follows. During the cold spell in January (the air temperature dropped to À44°C on Doy 26), the ice sheet severely contracted and broke away from the wall creating a large crack. The crack was so large and the air temperatures so mild in the second half of January (attaining 0°C around Doy 50) that no ice ever formed in the fissure. As the ice sheet increased in temperature, thermal expansion was rapid by the end of January and explains the large displacements observed in the first two periods. The ice was able to freely expand because of the presence of the wide fissure parallel to the dam face. The displacements were greatest here because this is where the ice was least constrained. There were residual prism movements during Doy 46-50 subsequent to the second warming event of the season from Doy 40 (Temp ¼ À30°C) to Doy 42 (Temp > 0°C). There was virtually no movement during Doy 55-61 because the ice was near 0°C the whole time and because, once again, there was no fissure freezing during that period.
In addition, the reservoir water level is one of the known causes of forces exerted on hydraulic structures, so it is important to observe the movement of the ice sheet related to the water level fluctuations. Fig. 11 shows the height variations of the ice sheet (more specifically, the tip of each probe) and the reservoir water level for both winter campaigns. It appears that the ice sheet follows the changes of the water level quite well, especially for the probes farther away from the dam, even though it is not clearly visible from Fig. 11 . Probes that do not show the full amplitude of fluctuation are located near the dam and the reservoir shoreline because the ice is restrained in its vertical movement by the ice frozen into the shore and the dam face. The fissures normally occur at a 45°angle in the ice sheet due to a shear failure as the sheet first breaks away when the water level is significantly lowered in the beginning of winter. This angle allows the ice sheet to drop freely (unless it comes into contact with the shore bed), but does not let the ice come up more than its original elevation as when the ice sheet first broke away (Stander 2006) .
The large snowpack accumulation during the 2009 winter campaign and/or the increase in the ice sheet thickness is responsible for the systematic deviations visible from Doy 50 (2009) in Fig. 11(a) . The accumulation of snow weighs on the ice cover and thus, this one drops over time as a function of the timing and strength of the snow falls (Morse et al. 2009 ). Finally, one can observe that in 2010, some probes fell down while others pierced the ice sheet (and slipped down) due to the very exceptional mild winter temperatures during 2010. This explains the jumps in the data visible in Fig. 11(b) . However, the probes' tips still continue to follow the reservoir water level fluctuations, only at a lower elevation. 
